Passive samplers are useful tools for helping to describe the ozone distribution in complex terrain situations. They are also a good complement to continuous monitoring stations. This paper discusses the results of a pilot study that used ozone passive samplers to describe the spatial and annual temporal distribution of ozone in several forested areas around the city of Madrid. The ozone concentrations around Madrid were found to be higher on the elevated sites located at a certain distance from the city's urban zone. A seasonal ozone cycle was observed, with maximum concentrations found in the basin in late spring or summer depending on the location. The information obtained allowed us to group the locations into four classes. Altitude and distance to the city during the summer and winter explained the observed ozone concentrations. However, during the transition periods, especially in early spring and to a lesser extent in autumn, there was not a good correlation between ozone levels and elevation or distance from precursor sources. These data strongly suggest that altitudinal gradients for ozone are not always the case in the Madrid Basin.
INTRODUCTION
Tropospheric ozone (O 3 ) is a major pollutant resulting from emissions from various sources, among them urban traffic through photochemical transformation of nitrogen oxides, carbon monoxide, and volatile organic compounds. Over the last 25 years, the Mediterranean Basin has become heavily industrialized, and, as a consequence, reports concerning air pollution damage in forested areas have increased since the late 1970s [1, 2, 3, 4, 5] . Now, it is well known that photooxidants, and especially ozone, are the most important pollutants in Mediterranean countries where the particular meteorological conditions are especially favourable to their formation and persistence [6] . In several regions of Spain, the dynamics of ozone and other pollutants have been documented within several EC-supported projects [6, 7, 8] , showing that the horizontal distribution of air pollutants (i.e., ozone) is nonhomogeneous and that it undergoes seasonal variations and marked diurnal cycles in which mesoscale processes play an important role. In the western Mediterranean Basin the observed ozone cycles depend strongly on the topographic location of the observing station and its relationship to the reservoir layers, the atmospheric circulations involved, and the chemical processes along each path. The role of complex topography and associated meteorological processes in ozone distribution in mountain areas has been studied in several areas [9, 10, 11, 12, 13, 14] . Most ozone monitoring efforts in complex terrain or remote areas have relied on electronic analysers that take continuous measurements. Thus, it can be assumed that in complex mountain areas each ozone monitoring station shows a part of the whole and could even be considered to represent a specific area, provided that the relevant processes are understood for each site and that the site itself has been adequately selected. However, no single station can be considered representative of regional processes, much less of the whole situation. The knowledge of these meteorological processes has been proven to provide useful information to interpret the patterns of distribution of the damage caused by air pollutants in forest ecosystems [15] . However, continuous monitors are costly to operate and require power and adequate space. It is quite common that there are large distances between continuous monitoring stations, making it very difficult to infer the spatial patterns of ozone in complex mountainous areas. Interest in passive monitors has recently been rekindled by the need to monitor ozone in remote forested areas where there is no access to power, and such monitors show numerous advantages [16] . For these reasons, passive samplers are useful tools to describe the ozone distribution in complex terrain situations. They are also a good complement to continuous monitoring stations. Passive samplers have been tested for other purposes such as use in human health studies [17] and in remote natural areas like Mount Rainer National Park [18] and the Carpathian Mountains [19] .This paper discusses the results of a pilot study that used ozone passive samplers to describe the spatial and annual temporal distribution of ozone concentrations in several forested areas around the city of Madrid.
MATERIAL AND METHODS

Research Sites
The city of Madrid has a dense Air Pollution Monitoring Network with 24 automatic stations [20] . At each station the air is sampled at 2.5 m above the surface and the concentrations of SO 2 , CO, NOx, O 3 , HC (hydrocarbons), and particles are continuously determined. Since the network was designed for air quality control purposes following management criteria, its spatial coverage is largely confined to the city itself. It thus produces very limited information on areas in the vicinity of the city and the basin, i.e., the total Madrid air basin. This lack of air pollution data in suburban and rural areas is especially important when ozone is considered, because ozone levels are higher downwind of cities where high emissions of precursors are emitted [7] , whereas the ozone concentration is depleted inside the city by the excess of precursors [21] . In order to explore the spatial distribution of ozone concentrations and the annual temporal ozone concentration distribution in the basin at certain distances from the city where forest and natural ecosystems are already present, research sites were established at 12 locations around the city of Madrid in spring 2000 (Table 1 ). Bulk deposition was also collected on the same locations for other purposes (data not shown). 
Ozone Monitoring
Average ambient concentrations of ozone were measured with Ogawa and Co., Inc. passive ozone samplers. Each sampler consists of a small Teflon cartridge containing two nitrite-coated filters. Air diffuses through steel mesh grids which hold the filters in place. In the presence of ozone, the nitrite is oxidized to nitrate, and after the exposure the filters are analysed for total nitrate concentration. The 2-week averages of ozone concentrations (ppbv) were calculated as suggested by Koutrakis et al. [22] . The samplers were exposed to ambient air over a 15-day period. The measurements were carried out from 15 April 2000 to the end of March 2001. At two stations of the Valencian Community Air Quality Network (M1, M2) and at the CEAM OTC experimental field (Benifaió, M3), ozone was measured with passive samplers accompanied by continuous monitors during the same time period. Ozone passive samplers at these locations were calibrated against Dasibi 1008RS ozone monitors that were, in turn, calibrated once a month. The results of these calibrations were used for correcting ozone concentrations for the remaining passive samplers in the Madrid network. Three blanks were shipped with the samplers to test for transport problems, and the samplers were then kept in the office of the DGCN (Ministry of the Environment) in Madrid during the exposure period.
Data Analysis
The 2-week average ozone concentrations were calculated for each passive sampler location (ppbv).
Sampler precision corresponded to the percent difference between replicate samplers at each site. Sampler accuracy was determined by comparing passive sampler values with the continuous analyser hourly averages for identical sampling periods. Plotting both 2-week averages (from the monitors and the passive samplers), a linear regression equation was obtained (SPSS+), which was later used for corrections. Ozone passive sampler values were plotted against elevation and distance to the city to detect if there was a relationship between them (SPPS+). Independent simple linear regressions for each period and location for elevation and distance were calculated, as was a multiple linear regression including both variables to explore better fits. 
RESULTS AND DISCUSSION
Validation of the Ozone Passive Samplers
The mean ozone concentration determined from the blanks during the sampling period was 0.3159 ± 0.2520 ppbv. The precision of the pairs of ozone samplers was estimated as 1.6751 ppbv (maximum 14.7177 and minimum 0.0001), with an average variation coefficient of 6% during the study period (maximum 20% and minimum 0%). Linear regression analysis was used to compare ozone measurements by passive sampler and by continuous monitoring (Dasibi 1008RS). The regression equation gave a slope close to 1 (1.035 ± 0.020 ppbv) with a y-intercept of 0 (Fig. 2) . The correlation coefficient for 30 measurements over the 2-week sampling periods was r 2 = 0.995 and was evenly distributed over the study period. Data were corrected using the equation to produce the final results. 
Spatial Distribution of Ozone Within the Basin
The passive sampler locations were grouped into four classes as a function of the distance to the downtown urban area and the altitude. The 2-week average ozone concentrations generally increased with altitude and distance away from the urban area, and determined the class. Class I (Fig. 3) comprises locations 4 to 8. These were locations with altitudes higher than 1000 msm and at a certain distance from the urban area; they are on the south-facing slopes of Madrid's northwest mountains, where the highest photochemical oxidant production was expected. Class II (Fig. 4) comprises the locations that are in the "Rampa" of Madrid: smooth, prolonged slopes facing south at the southwest of Madrid and located closer to the city. Classes III (Fig. 5 , locations 9 and 10) and IV (Fig. 6, locations 1, 11 , and 12) are locations on the bottom of the basin, north and south-southwest of the city respectively, where precursor emissions are still very high and/or ozone formation has not yet taken place completely. Maximum values were found on Class I locations, with the highest value being 71 ppbv in Braojos (location 8). The lowest ozone value was 47 ppbv in Villaviciosa (location 1, Class IV). Class I location values oscillated between 14.5 and 71 ppbv. Class II locations varied between 11.7 and 63 ppbv, Class III between 8.5 and 63 ppbv, and Class IV between 8.5 and 51.8 ppbv. The maximum 2-week ozone values observed are considered high to moderately high when compared with other areas such as the east coast of Spain (Sanz, data not published).
Temporal Evolution of Ozone Concentrations Throughout the Year
During the study period considered, two main ozone peaks were observed at all locations: one in late spring and one in midsummer with a temporal decay in July (Figs. 3 to 6 ). The same type of behaviour has been observed at other monitoring networks on the east coast of Spain [14] where only electronic monitors are used. Thus, passive ozone sampling appears to be a useful tool for studying the annual temporal variation in ozone concentrations over the year when 2-week periods are considered. Class I to III locations show higher values in midsummer than in late spring, except for Belvis (Class III). This location is close enough to Madrid and presents an elevation low enough (650 m.s.m) to be considered a transition location between Classes III and IV or to be included in class IV. On the other hand, Class IV stations (locations 1, 11, and 12) show an absolute maximum in late spring instead of midsummer.
For all the passive sampler locations, minimum ozone values are found during winter, in January, as expected. Values ranged from 8.5 to 16.8 ppbv, with the Class I locations showing the highest values . The high ozone values observed at high elevations probably result from the fact that such locations are influenced most of the time by the reservoir layers generated by valley recirculations or long-range transport [7] . In fact, the presence of atmospheric layers with tem- peratures close to the adiabatic lapse rate was detected in other studies over the Madrid Basin in July 1989 [7] , July 1994, and 1995 [23] . Thus, the decoupling between upper and lower stations may occur more often in winter when the altitude of the inversion layer is lower. During the warmer seasons, a combination of two types of processes may be responsible for the gradients observed: (1) photochemical production with increasing distance from the source of precursors [21] combined with local transport of the air mass within the basin as a result of the recirculations [14] , and (2) the existence of reservoir layers aloft generated during previous days or long-range transport [6] . Topography drives the circulation patterns in the basin, with the strength of the up-slope winds dependent on solar radiation heating of the slopes and the properties of the surface during the day. At night, down-slope drainage flows are established. Depending on the valley or basin aspect, the cold air can accumulate on the bottom or keep flowing toward other areas [24] . Thus, the correlation between the 2-week ozone averages and elevation is not always good over the entire year (Table 2 ) because the processes mentioned above are different for different periods of the year. In summer and early winter, for example, the r 2 is higher (>0.5) than in spring and late winter (Fig. 7) . When distance to the city is considered, similar results to the ones found for elevation are observed (Fig. 7) . There is a good correlation between the ozone concentration and distance, but not all year. If both factors are combined, the r 2 from the multiple linear regression improves substantially (Table 2 ), but again the correlation is not good for all periods. Correlation with distance is better than correlation with elevation in summer, and the other way around in winter.
CONCLUSIONS
The results of this study show that the use of passive samplers can help to delimit air pollution zones in relation to ozone in a feasible and cost-effective way in relatively large areas. Around Madrid, concentrations of ozone are higher on the elevated sites at certain distances to the city and urban areas. There is a seasonal cycle, with maximum ozone concentrations occurring in the Table 2 regressions throughout the sampling period: distance (red circle), elevation (blue circle), and combination of both (black circle). basin in late spring or summer depending on the locations. The information obtained allowed us to group the locations into four ozone classes. The ozone concentrations observed in summer and spring can be considered high and likely to produce injury to susceptible vegetation when compared with similar studies in other areas [18, 19] . The complex topography of the Madrid Basin can explain the results obtained in this pilot study, which suggests that it would be useful to place one or two continuous ozone monitors at the higher elevations to better interpret the data from the passive samplers. Altitude and distance to the city can explain the observed concentrations during the summer and winter, whereas no single equation can be used to predict ozone values over the year. During the transition periods, however, especially in early spring and to a lesser extent in autumn, there is not a good correlation between elevation or distance. The data from the pilot study strongly suggest that altitudinal gradients for ozone are not always the case.
